ABSTRACT It is well known that the typical low-pass characteristics can be obtained by a cascaded structure of alternating high-and low-impedance transmission-line (TL) segments. On the contrary, this paper focus on modifying this stepped impedance TLs to obtain the bandstop, highpass, and bandpass responses. A basic structure consisting of dumbbell-shaped defected ground structures (DGSs), complementary split ring resonators (CSRRs) DGSs and interdigitated coupling structures is proposed, which can simultaneously satisfy the design of different types of filters. Then, open stubs and short stubs are appropriately selected and achieve the necessary flexibility among the conversions of different frequency responses. Furthermore, different units are ingeniously embedded into the stepped impedance TLs to obtain good performances and small dimensions. By employing the extracted parameters and equivalent circuits, different types of frequency responses are well explained. Finally, the proposed filters are fabricated and measured, the measured results show a great agreement with simulated results.
I. INTRODUCTION
With the development of wireless communication technology, the demand of compact microstrip filters with good frequency performance is growing rapidly in many RF and microwave applications. Thus, various design approaches have been proposed to produce different kinds of frequency response filters. Regarding lowpass filters (LPFs), the typical properties can be obtained by a cascaded structure of alternating high-and low-impedance transmission-line (TL) segments [1] . Additionally, stepped-impedance short stubs [2] are widely used in LPFs design, which can be simply represented by a shunt-connected series LC resonators for analysis. However, due to the frequency-distributed behavior of finiteextended transmission lines, these filters usually suffer from gradual cut-off and narrow stopband. Defected ground structures (DGSs), due to the introduction of additional inductance and capacitance effect, could exhibit remarkable slow-wave effect and enhance the performance of the LPFs. In [3] , an elliptic-function LPF with sharp roll-off was realized by
The associate editor coordinating the review of this manuscript and approving it for publication was Feng Lin. using the dumbbell-shaped DGS. In [4] , U-shaped DGS units were used to obtain wide stopband and small dimensions. Moreover, different types of LPFs using fractal DGSs [5] , T-shaped resonators [6] , complementary split ring resonators (CSRRs) [7] were applied to obtain high selectivity and wide stopband suppression. Since the DGSs can provide a bandgap effect, it can also be used to design bandstop filters. In [8] , bandstop filter with cascaded U-and V-slot DGSs can provide a high-Q factor and more steep rejection characteristics. In [9] , dual-mode complementary resonators were used to design bandstop filter with compact size. In [10] , novel meandered V-sickle slotted DGSs are proposed for bandstop filter design. Meanwhile, defected microstrip structures (DMSs) [11] exhibited the similar characteristics to the DGSs. In [12] , U-shaped DMS and its circuit modeling method were proposed. In [13] , dual-band bandstop filter was realized by using T-shaped DMS and U-shaped DGS. However, if broadband bandstop filters are required, more DGS units should be selected, which leads to an increase in device size.
About highpass filters (HPFs), standard L-C ladder type of HPFs can be implemented by the composite left-handed TLs [14] . On the other hand, HPFs constructed from quasilumped elements using DGSs were presented in [15] , [16] . The required series capacitors were achieved by parallel plate-type capacitors and interdigitated capacitors, respectively. Based on the DGSs, the attenuation poles can be obtained in stopband region, resulting in sharp roll-off and high attenuation level. Finally, the design of bandpass filter can be achieved by cascading low-pass filter examples have been reported [17] , [18] . However, these filters commonly covered a large circuit area because of the cascaded DGSs configuration. Additionally, it can be observed that the mentioned bandstop, highpass and bandpass filters usually have completely different structures, which makes it difficult to find an unified design method. Up to now, there is still lack of a flexible structure that can provide a good solution for designing different kinds of filters and simultaneously have good performances with small dimensions.
In this paper, flexible design method for bandstop, highpass and bandpass filters is presented and analyzed step by step. These filters are implemented by dumbbell-shaped DGSs, CSRRs DGSs and interdigitated coupling structures, open stubs and short stubs are appropriately selected as needed. Furthermore, the equivalent circuits of the proposed filters have also been derived. By employing the extracted parameters, the results for different frequency responses are well explained. The main contributions of our work can be summarized as follows: (1) In existing references, one structural framework can only realize the design of one type of filters. Unlike this, our proposed structure can simultaneously satisfy the design of bandstop, highpass and bandpass filters. Therefore, it has more practical value than previous methods and can be widely in microwave filter design field. (2) By establishing the equivalent circuits, the characteristics of each unit are effectively analyzed and fully utilized. Combined with open and short stubs, we achieve the necessary flexibility among the conversions of different frequency responses. (3) Different units are ingeniously embedded into stepped impedance TLs. While minimizing the size of devices, our proposed method can significantly improve the performance of the filters. As a verification, the designed filters are modeled by HFSS and fabricated on Rogers4350B (relative dielectric constant 3.48) substrate with a thickness of 0.508mm. A great agreement between measured and simulated results have been achieved.
II. BASIC UNITS AND EQUIVALENT CIRCUITS A. MODIFIED DUMBBELL-SHAPED DGSs
It is well known that DGSs can provide a rejection at a certain frequency band, i.e., which is bandgap effect. Theoretically, this bandgap effect can be widely used in the design of lowpass filters and bandstop filters. However, traditional dumbbell-shaped DGS, circular DGS and fractal DGS can only provide relatively large inductance and limited capacitance, which leads poor propagation characteristics in high frequency range. Thus, these structures are limited to provide a lowpass response with wide stopband rather than bandstop response. According to [19] , the equivalent capacitance of dumbbell-shaped DGS is mainly dependent to the dimension of the slot in the ground plane. In order to obtain a larger capacitance, the slot in the middle of traditional dumbbellshaped DGS is replaced by a serpentine line in this paper. The proposed DGS is also equivalent to the parallel LC circuit. The circuit parameters can be extracted from an electromagnetic simulation by matching to a one pole Butterworth lowpass filter. By using following procedures, the reactance value of the proposed DGS unit can be derived by:
where ω 0 is the resonance frequency corresponding to the attenuation pole. Meanwhile, the series inductance of one pole Butterworth lowpass filter can be given by:
where ω = 1, g 1 = 2 and Z 0 = 50 represent the normalized 3-dB cutoff frequency, prototype value of one pole Butterworth lowpass filter, and impedance of in/out terminated ports, respectively. The reactance value of the equivalent parallel LC circuit should be equal to the series inductance of one pole Butterworth lowpass filter at 3-dB cutoff frequency, which can be expressed as follows:
Considering that ω = 2πf , the values of L and C can be given by:
In order to investigate the influence of the serpentine line lengths to equivalent capacitance, the lattice dimension a × b is kept constant to 1.9mm × 1.6mm. Additionally, the gap distance g of serpentine lines is 0.1mm. The linewidth is chosen to the characteristic impedance of 50 microstrip line. Simulated results of the proposed DGS unit with different lengths of serpentine lines are shown in Fig. 1 .
According to (4), the extracted circuit parameters of the proposed DGS with different dimensions are given in Table 1 .
From Table 1 , one clearly observes that the equivalent capacitance increases as the length of serpentine line increases. Meanwhile, the length of serpentine line does not significantly change the inductance. Additionally, it can be found that cutoff frequency and attenuation pole location move to lower frequency caused by the increase of capacitance. Compared with traditional dumbbell-shaped DGS, the modified DGS has a compact size and better transmission characteristics in higher frequency.
B. CSRRs DGS COUPLED TO HIGH-OR LOW-IMPEDANCE TLs
In this section, we achieve the modification of low-impedance TLs to obtain bandstop responses. Equivalent circuit model for CSRRs [20] coupled to 50 − microstrip TL is given in Fig. 2 (a) . CSRRs can be regarded as a resonant tank, formed by the capacitance C si and inductance L si . This parallel resonant tank is coupled to the host line through the capacitance C 1 . L 1 /2 represents the per-section inductance of the TL. According to [21] , equivalent inductance of a TL with the characteristic impedance Z 0 and length l can be calculated by:
Fig. 2 (b) illustrate the equivalent circuit and electromagnetic (EM) simulation results. It can be observed that CSRR DGS provides a sharp roll-off at the upper transition band due to the presence of a transmission zero (TZ), which can be expressed as follows:
However, due to the existence of series inductance L 1 /2, CSRRs suppress the propagation of waves at high frequency band. Thus, this structure is undesirable for the design of bandstop filters. The conditions for CSRRs coupled to low-impedance TLs are different. As shown in Fig. 3 (b) , lowpass characteristics is transformed to bandgap effect with a wide passband up to 13 GHz. Additionally, the transmission zero location is changed from 4.79 GHz to 4.22 GHz. Note that the only difference is the increase in the width of the TL. Thus, equivalent circuit for CSRRs coupled to low-impedance TL must be consistent with the circuit model given in [20] . CSRRs are still regarded as a resonant tank. Due to the increase in the width of TL, the coupling between the CSRR and TL is enhanced, resulting in an increase of capacitance C 1 . Combined with (6) , it can be concluded that transmission zero should move to lower frequency. According to the TL theory, a short low impedance TL can be equivalent to a shunt capacitance. Thus, shunt capacitances C 2 /2 are introduced, and the bandgap effect is well explained. Based on these, the lumped-element equivalent circuit for the CSRR loaded lowimpedance TL is depicted in Fig. 3 (a) .
Finally, the element values of the equivalent circuits of CSRRs are given in Table 2 .
III. FILTER DESIGN AND SIMULATION

A. BANDSTOP FILTER DESIGN AND SIMULATION
In this section, a bandstop filter is designed to have a fractional bandwidth (FBW) of 50% at a center frequency f 0 = 4GHz, which is obtained from a five-pole (n = 5) Chebyshev lowpass prototype with a passband ripple of 0.1 dB. The lumped element values (L ki and C ki ) of the corresponding bandstop filter can be obtained after having been transformed by frequency and impedance scaling. In order to obtain the bandstop response, the series inductances are replaced by series-connected parallel LC circuits as follows:
At the same time, the shunt capacitances should be transformed to shunt-connected series LC circuits as follows:
where g i denote the normalized element values of Chebyshev lowpass prototype for the given ripple. The equivalent circuit of the proposed bandstop filter is shown in Fig. 4 . In this design example, the modified dumbbell-shaped DGSs are exactly equivalent to the parallel LC circuits L pi = L ki . The extracted circuit parameters for dumbbell-shaped DGSs are L k1 = L k5 = 1.60nH , C k1 = C k5 = 1.08pF, L k3 = 2.02nH and C k3 = 1.10pF, respectively. The series LC circuits can be replaced by the CSRRs coupled to low-impedance TLs shown in Fig. 3 (a) . The equivalence should be satisfied at 3-dB cutoff frequency ω c and transmission zero f s . The optimized circuit values for CSRRs are L 1 /2 = 0.66nH , L 2 /2 = 0.31nH , C 1 = 0.85pF, C 2 /2 = 0.20pF, C 3 /2 = 0.20pF, L si = 1.06nH and C si = 0.35pF. Fig. 5 shows the geometric configuration of the proposed bandstop filter, High-and low-impedance TLs are modified in different ways. Dumbbell-shaped DGSs locate on the side of substrate which is opposite to high-impedance TLs, and CSRRs DGSs locate on the side of substrate which are opposite to low-impedance TLs. According to [11] - [13] , DMSs can also provide a bandgap effect like the DGSs. Furthermore, serpentine DMSs are etched on the low-impedance TLs to further improve the space utilization while providing a bandgap effect. Significantly, this stopband is independently produced and does not change the equivalent circuit parameters of the five-pole bandstop filter. Thus, it can be produced separately to implement the design of dual-band bandstop filter. Another strategy is to put the stopband on the edge of the designed five-pole bandstop filter to further increase the bandwidth. All of these can be controlled by the length of serpentine DMSs. Fig. 6 shows the simulation results of the stopband filters with different length of serpentine DMSs. If the length DMS is relatively short (L total = 8.5mm), it will not have any effect in the shown frequency range. When the total length of serpentine DMS L total = 19.9mm are chosen, a stopband is produced at 7.7 GHz with 4.3% FBW. Additionally, it can be observed that the serpentine DMS can also be used to increase the bandwidth of the stopband. Take L total = 32.4mm, the stopband width is extended from 2 GHz to 2.5 GHz.
Finally, a bandstop filter is fabricated and the S-parameter characteristics is measured by Agilent N5230 Network Analyzer. Fig. 7 shows a photograph of the proposed filter. The comparison between the simulated and measured results of the proposed filter is shown in Fig. 8 .
As shown in Fig. 8 , the filter exhibits highly selective stopband performance and can cover from 2.9 to 5.0 GHz with 53% FBW. The measured attenuation level within stopband is better than 27 dB. Additionally, the measurement shows a good upper passband level above 3 dB up to 11 GHz, corresponding to 2.8 f 0 (center frequency). In general, the measured results are in good agreement with the simulated results.
In order to better illustrate the transmission properties of the filter at different frequency bands, especially the spurs mode and high-order harmonics, equivalent surface current distributions of the proposed bandstop filter at various key frequencies are given in Fig. 9 . When the filter operating at 4 GHz, it can be observed that the energy is blocked in the process of transmission by the first dumbbell-shaped DGS, which provides a great stopband performance. Furthermore, Fig. 9 (b) and (c) shown the surface current distribution of two poles in the passband at 5.4 GHz and 6.7 GHz. Compare with Fig. 9 (c) , more current is distributed on the middle dumbbellshaped DGS in Fig. 9 (b) . It demonstrates that the two poles are caused by different resonance modes.
B. HIGHPASS FILTER DESIGN AND SIMULATION
Here, we slightly change the structure of the bandstop filter and convert it into a highpass filter. Contrary to lowpass filter, typical highpass filter are available with cascading series capacitors and shunt inductors. In order to obtain the highpass response, any series inductive element in the lowpass prototype filter is transformed to capacitive element.
Similarly, any shunt capacitive element is transformed to inductive element.
For the proposed dumbbell-shaped DGSs, series capacitors C ki can be approximately replaced by the parallel circuits. The shunt inductors L ki are easily implemented by adding short stubs. Thus, a dumbbell-shaped DGS with two short stubs can be designed as a three-pole highpass filter. Meanwhile, as shown in Fig. 3 (b) , when CSRRs coupled to lowimpedance TLs, it exhibits good transmission characteristics above the attenuation pole. Hence, we only need to suppress the propagation of waves at low frequencies. The most intuitive way is to introduce a series capacitance which can be achieved by truncating the low-impedance TLs in the middle. Serpentine DMSs with two slots can be regarded as a combination of a parallel plate-type capacitor and an interdigitated capacitor. Based on these theories, the geometric configuration of the proposed highpass filter is shown in Fig. 10 . Fig. 11 shows the equivalent circuit of the proposed highpass filter. By optimizing the equivalent circuit parameters, the corresponding parameters are finally determined. For dumbbell-shaped DGSs, the resulting circuit parameters are L pi = 1.60nH and C pi = 0.75pF. Combine with (5) and (11), shunt inductance L t = 1.42nH are chosen. Additionally, the extracted circuit parameters of CSRRs DGS are determined as
As shown in Fig. 12 , the proposed highpass filter is fabricated and measured.
The simulated and measured performance of the proposed highpass filter are shown in Fig. 13 . The measured 3-dB cutoff frequency is 6.2 GHz and return loss is better than 15 dB in passband. Significantly, this filter provides an excellent outoff-band suppression in lower frequency, which is better than 40 dB below 4.9 GHz. Simulation results for the surface current density distributions of the highpass filter are depicted in Fig. 14 . As shown in Fig. 14 (a) , it is seen that almost no energy is coupled from port 1 to port, which provides a great rejection in stopband. Fig. 14 (b) and (c) illustrate that the filter exhibits good selectivity in passband.
C. BANDPASS FILTER DESIGN AND SIMULATION
It is well known that wideband bandpass filter can be implemented by cascading HPF with LPF. In our proposed bandpass filter, CSRR DGSs are still used to provide a highpass 98458 VOLUME 7, 2019 response and its equivalent circuit is given in Fig. 15 (a) . Meanwhile, short stubs are replaced by stepped impedance open stubs, which combined with the dumbbell-shaped DGSs are design as LPF. The equivalent circuit of the LFP is given in Fig. 15 (b) . The optimized circuit parameters are given in Table 3 . the lengths of interdigital capacitance branches are designed to decrease as it extend. The dumbbell-shaped DGSs and stepped impedance open stubs are placed in the middle of the TL.
Similarly, the photograph of the fabricated filter and measured result are shown in Fig. 17 and 18 .
It can be observed that the proposed bandpass filter has a 3-dB passband from 3.8 GHz to 7.3 GHz (FBW 63%) with a return loss better than 18 dB. Meanwhile, the lower and upper stopbands attenuation is more than 28 dB and 25 dB, respectively.
The surface current density distributions of the wideband bandpass filter are shown in Fig. 19 . In Fig.19 (a) and (c), surface currents are blocked by CSRRs and dumbbell-shaped DGSs, respectively, both of them exhibit high isolation in stopband. When the filter is operating at 6 GHz, the energy can be coupled from Port 1 to Port 2 to form the passband of the filter.
Finally, Table 4 shows the performance comparisons between our works and some reported filters. It can be observed that our proposed filters has the superiority of the selectivity, size and extensive application.
IV. CONCLUSION
In this paper, unified design method for different types of microstrip filters are presented. Our proposed structure can simultaneously satisfy the design of bandstop, highpass and bandpass filters. Combined with open and short stubs, we achieve the necessary flexibility among the conversions of different frequency responses. Furthermore, dumbbellshaped DGSs, CSRRs DGSs and interdigitated coupling structures are ingeniously embedded into stepped impedance TLs, effectively reducing the device size. More valuable is that all the designed filters exhibit great selectivity in passband and high suppression level in stopband. Finally, as a verification, the proposed filters are fabricated and experimented. A great agreement between measured and simulated results have been achieved. Our proposed method provides an attractive solution for different types of microstrip filters design, Thus, it can be widely used in multi-standard wireless communication system. 
